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1 .0 INTRODUCT IObI 
G r o w t h  o f  s i n q l e  c r y s t a l s  i n  v e r t i c a l  a r c - i m a g i n g  f u r n a c e s  h a s  b e e n  
s u c c e s s f u l l y  d e m o n s t r a t e d  b y  v a r i o u s  r e s e a r c h e r s .  E a r l y  e x p e r i m e n t s  
w i t h  t h e s e  f u r n a c e s  u s i n g  a  c a r b o n - a r c  e n e r g y  s c u r c e ,  e n c o u n t e r e d  
d i f f i c u l t i e s  i n  m a i n t a i n i n g  v n i f o r m  l i g h t  i n t e n s i t y  f o r  r e q u i r e d  
p e r i o d s  o f  t i m e .  D e v e l o p m e n t  o f  h i g h - p o w e r  Xenon a r c  l a m p s  
s u b s t a n t i a l l y  r e d u c e d  t h e  i n s t a b i l i t y  p r o b l e m  e x p e r i e n c e d  w i t h  
c a r b o n - a r c s ,  and  a1  s o  a l l  ov;ed l o n g e r - t e r m  o p e r a t i o n  f o r  c r y s t a l  
g r o w t h .  E x p e r i m e r t s  h a v e  shown t h a t  o n e  o f  t h e  p r e f e r r e d  
a p p r o a c h e s  f o r  g r o w i n g  s i n g l e  c r y s t a l s  i n  a r c - i m z . g i n g  f u r n a c e s  i s  
t h e  p e d e s t a l  t c c h r i q c e .  T h i s  t e c h n i q u e  ha:. a l t e r n a t i v e l y  b e e n  
l a b e l e d  a  m o d i f i e d  C i o c h r a l s k i ,  o r  m o d i f i e d  f l o a t - z o n e  p r o c e s s .  The  
p r i n c i p a l  a d v a n t a g e  o f  t h e  f l o a t - z o n e  p r o c e s s  o v e r  o t h e r  c r y s t a l  
g r o w t h  t e c h n i q ~ ! e s  i s  p r o d u c t i o n  o f  h i g h e r  p ~ r i t y  c r y s t a l s ;  a c h i e v e d  
b y  e l i m i n a t i n g  t h e  n e e d  f o r  a  c r u c i b l e  a n d  t h e  r e s u l t i n g  c r u c i b l e  
c o n t a r n i ~ ~ a t i o n .  The h o r n o g c n e i t y  o f  c r y s t a l s  g r o w n  b y  t h e  f l o a t - z c n e  
p r o c e s s ,  a s  w i t h  o t l i n r  p r c c e s s e s ,  i s  a f f e c t e d  b y  c i r c u i a t i o n  p a t t e r n s  
i n  t h e  m o l t e n  s e m i - c o n d u c t o r  m a t e r i a l .  C a r r u t h e r s  a n d  G r a s s o  h a v e  
e x t e n s i v e l y  s t u d i e d  t h e  s t a b i l i t y  and  f l u i d  f l o w  i n  f l o a t i n g  z o n e -  
i n  b o t h  a  s i m u l a t e d  z e r o - g r a v i t y  e n v i r c n m e n t  a n d  o n  S k y l a b .  E f f e c t s  
o f  c o n v e c t i o n  p a t t e r n s  o n  h o ~ n o g e n e i t y  o f  s o l u t e  d i s t r i b u t i o n  and  
e l e c t r i c a l  r e s i s t i v i t y  have bcert  r e v i e w e d  b y  B e n s o n .  S i m i : ? r  
c o n s i d e r a t i o n s  s h o c l d  i j p p l y  t o  f l o a t - z o n e  c r y s t a l  g r o w t h ,  dnd  
i n d i c a t e  t h a t  f o r  t h e  C z o c h r ~ a l s k i  p r o c e s s ,  a l l  c o n v e c t i o n  i n  t h e  
me1 t s h o u l d  be  a v o i d e d .  
G r c w t h  o f  s i n ~ l e  c r y s t a l s  i n  s p a c e  i s  e x p e c t e d  t o  s u b s t a ~ t i a l l y  
i t : ~ p r o v e  t h e  s o l u t e  hcmoqcnc i t y  o f  c r y s t a l s ,  b y  r e d u c i n g  o r  e l  i n t i n c t -  
i n o  c o r ~ v e c t i o n  h i t h i n  t h e  m e l t  r e g i o n .  I t  s h o t i l d  a l s o  be  p o s s i b l e  
t o  f o r m  l a r g e r  d i a n i c t e r  c r y s t a l s  b e c s u s e  t h e  l e n g t h  o f  t h e  s u s p e n d e d  
l i q u i d  z o n e  c a n  t c  i n c r e a s e d  i n  t h e  a b s e n c e  o f  g r a v i t y .  
M a i n t a i n i n g  a l a r g e - d i  a ~ r i e t c r  u n i  f o rn : -  t e m p e r a t u r e  n ~ c l  t z o n e  w i l l  b e  a  
k e y  p r o b l e m  i n  d e s i g n i n g  a  c r y s t a l  g r o w t h  e x p e r i m e n t  u s i n g  a s o l a r  
c o n c e n t r a t o r .  A c c o r d i n g l y ,  t h i s  s t u d y  h a s  b e e n  d i r e c t e d  a t  t h e r w a l  
m o d e l i n g  o f  t h e  l i q u i d  z o n e  t o  p r c d i c t  t e m p c r a t u r e  g r a d i e n t s  f o r  
a 
v a r i o ~ s  p j r a n l e t r i c  ct-#anges. 
2.0 ANALYSIS 
Two g e n e r a l i z e d  lumped p a r a m e t e r  n o d a l  m z t h  m o d e l s  were  f o r m u l a t e d  
t o  r e p r e s e n t  a r i g h t  c i r c u l a r  c y l i n d r i c a l ,  BETA-CYL, and  a  body o f  
r e v 0 1  u t i o n  c o n f i g u r a t i o n ,  BETA-BOR, w i t h  t i m e  v a r y i n g  b o u n d a r y  c o n -  
d i t i o n s .  The p h y s i c a l  s y s t e m  was s e c t i o n e d  i n t o  an a r r a y  o f  d i s c r e t e  
vo lumes and t h e  mass o f  each vo lume e l e m e n t  was " l u m p e d "  a t  a p o i n t  
w i t h i n  t h e  vo lume w h i c h  i t  r e p r e s e n t e d .  The p a t h s  f o r  h e a t  t r a n s f e r  
f r o m  one mode t o  a n o t h e r  were  r e p r e s e n t e d  by  c o t ~ d u c t o r s  j o i n i n g  
t h e  a p p r o p r i a t e  n o d e s .  The t h e r m a l  m o d e l s  each  c o n t a i n e d  a  
n~aximum o f  300 nodes,  F i g u r e  ( 1 )  d e o i c t s  t h e  r i g h t  c i r c u l a r  c y l i n d r i -  
c a l  n o d a l  math  modc l  . 
The t h e r m a l  m a t h  mode ls  d e s c r i b e d  above w e r e  i n p u t  i n t o  t h e  B o e i n g  
E n g i n e e r i n g  Thermz l  A ~ a l y z e r  P rog ram (BETA).  T h i s  p r o g r a m  s o l v e s  
an e l e c t r i c a l  a n a l o g  n e t w o r k  s y s t e m  u s i n g  an i t e r a t i v e  n u m e r i c a l  
method.  B o t h  t r a n s i e n t  and s t e a d y  s t a t e  s o l u t i o n s  a r e  t r e a t e d .  A 
l o g i c  d i a g r a m  o f  t h e  c ~ m p u t e r  p r o g r a m  d c t a i  l i n g  t h e  c o m p u t a t i o n a l  
s t e p s  i s  g i v e n  i n  F i g u r e  ( 2 ) .  S e v e r a l  BETA s u b r o u t i n e s  r e q u i r e d  
d e v e l o p m e n t  t o  p e r m i t  n u m e r i c a l  s i m u l a t i o n  o f  t h e  a p p l i e d  h e a t  f l u x  
~ b o ~ n d a r y  c o n d i t i o n s  and t h e  change o f  phase  p r o c e s s .  
The h e a t  p u l s e  s u b r o u t i n e  i s  i l l u s t r a t e d  i n  F i q u r e  ( 3 ) .  T h i s  
p e r m i t s  t h e  s p e c i f i c a t i o n  o f  an e x t e r n a l l y  a p p l i e d  h e a t  f l u x  o f  
t h e  fo rm:  
where :  
- Peak s u r f a c e  h e a t  f l u x ,  B t u l m i n - i n  2 90  
X - D i s t a n c e  f r o m  r e f e r e n c e  end o f  c r y s t a l ,  i n c h e s  
V - P u l s e  v e l o c i t y  away f r o m  r e f e r e n c e  end o f  c r y s t a l ,  i n l m i n  
t - Time e l a p s e d  s i n c e  s t a r t  o f  p u l s e  movercent, m i n  
B  - S t a r t i n g  p o s i t i o n  of c e n t e r  o f  p u l s e  measured  f r o m  r e f e r e n c e  
end o f  c r y s t a l ,  i n c h e s  
A - P u l s e  w i d t h  p a r a m e t e r  
V a l u e s  o f  A o f  1 0 0  a n d  4 w e r e  u s e d ,  t h e  r e l a t i v e  w i d t h s  o f  t h e  h e a t  
p u l s e s  c a n  b e  s e e n  i n  F i g u r e  4 .  
A s i m i l a r  c o o l i n g  s u b r o u t i n e  was a l s o  f o r m u l a t e d  t o  r e p r e s e n t  
s u r f a c e  c o o l i n g .  
D u r i n g  a  p h a s e  c h a n g e  e a c h  n o d e  m u s t  r e c e i v e  o r  r e l e a s e  a  q u a n t i t y  o f  
e n e r g y  e q u a l  t o  i t s  l a t e n t  h e a t  o f  f u s i o n .  T h i s  e n e r g y  e x c h a n 9 e  
a c c o u n t i n g  s y s t e m  was s i m u l a t e d  b y  a  p h a s e  c h a n g e  s u b r o u t i n e ,  PHAS. 
F i g u r e  ( 5 )  i l l u s t r a t e s  t h e  l o g i c  s y s t e m .  Each  node  i s  s u r v e y e d  t o  
s e e  i f  i t  i s  a t  o r  u n d e r g o i n ?  s p h a s e  c h z n g e .  I f  i t  i s  u n d e r g o i n g  
a  p h a s e  c h a n g e  t h e n  a n  a c c o u n t i n g  s y s t e m  k e e p s  t h e  n o d a l  t e m p e r a t u r e  
c o n s t a t ~ t  a t  t h e  m e l t i n g  t e m p e r a t u r e  u n t i l  t h e  e n e r g y  e x c h a n g e  m a t c h e s  
t h e  node  l a t e n t  h e a t  o f  f u s i o n .  
T h i s  s t u d y  d i d  n c t  d i r e c t l y  c o n s i d e r  t h e  transparency o f  s i l i c o n  
t o  t h e r m a l  r a d i a t i o n ;  h o w e v e r ,  t h e  " n o  c o n v e c t i o n "  a n d  " I n f i n i t ?  
c o n v e c t i o n "  e r t r e n e s  c o f i s i d e r e d  f o r  e n e r c y  t r a n s p o r t  i n  t h e  mol  t p n  
z o n e  c o u l d  be  e x p e c t e d  t o  b o u n d  t h e  e f f e c t s  w h i c h  m i g h t  b e  o b s e r v e d  
h a d  i n t e r n a l  r a d i a t i o n  b e e n  c o n s i d e r e d .  F u r t h e r r o r e ,  w i t h  a 
c y l  i n c p i c a l  c r y s t a l ,  a c y  r a d i a t i o n  i n t e r c h a n g e  b e t w e e n  t h e  
s u r r o u n d i n g s  and  c r y s t a l  i n t e r n a l  r e g i o n s  d u e  t o  t r a n s p a r e n c y  c a n  
o n l y  t e n d  t o  r e d u c e  r a d i a l  t e m p e r a t u r e  g r a d i e v t s  and  c o n s e q u e n t l y  
g i v e  a  more u n i f o r m  a x i a l  f l o w  o f  t h e r m a l  e n e r g y  w h i c h  i s  r e q u i r e d  
t o  o b t a i n  f l a t  i n t e r f a c e s .  R a d i a t i o n  i n t e r c h a n g e  i n  t h e  a x i a l  
d i r e c t i o n ,  b e t w e e n  i n t e r n a l  c r y s t a l  r e g i o n s ,  was n o t  e x p e c t e d  t o  
b e  v e r y  s i g n i f i c a n t  a s  t e m p e r a t u r e  d i f f e r e n c e s  w i t h i n  t h e  c r y s t a l  
a r e  much l e s s  t h a n  t e m p e r a t u r e  d i f f e r e n c e s  w h i c h  e x i s t  b e t w e e n  
t h e  c r y s t a l  and  i t s  s u r r o u n c ' i n g s .  
3.0 DISCUSSION OF RESULTS 
A t o t a l  o f  82  r u n s  were  made t o  de-bug,  c h e c k o u t ,  and p e r f o r m  
p r o d u c t i o n  a n a l y s e s  ' f o r  t h i s  s t u d y .  O n l y  t h e  r u n s  shown i n  T a b l e  1 
c o n t a i n e d  s i g n i f i c z n t  r e s u l t s .  The o t h e r  r u n s ,  a1  t h o u g h  more 
numerous,  were  l e s s  s i g n i f i c a n t  i n  t e r m s  o f  expended mach ine  t i m e .  
The f i r s t  b l o c k  on  t h i s  t a b l e  d e s c r i b e s  t h e  c r y s t a l  c o n f i g u r a t i o n  
f o r  e a c h  r u n  and r e f e r s  t o  a  r i g h t  c i r c u l a r  c y l i n d e r  u n l e s s  o t h c r -  
w i s e  s t a t e d .  The r i g h t  c i r c u l a r  c y l i n d e r  c r y s t a l s  were  c o n s i d e r e d  
t o  c o n s i s t  o f  30 w a f e r s  o f  e q u a l  t h i c k n e s s  as d e f i n e d  by  p l a n e s  
n o r r a l  t o  t h e  c y l i n d e r  a x i s  ( s e e  "Wafe r  T h i c k n e s s "  c o l u m n ) .  
The s u r f a c e  h e a t  f l u x  r e f e r s  t o  t h e  peak  s u r f a c e  h e a t  f l u x  o f  a  
G a u s s i a n  shaped p u l s e  when t h e  w o r d  "Gauss"  a p p e a r s  i n  t h e  " P u l s e  
W i d t h "  co lumn.  If t h e  word " U n i f o r m "  a p p e a r s  i n  t h e  " F u l s e  W i d t h "  
co lumn,  t h e  s u r f a c e  h e s t  f l u x  v a l u e  a p p l i e s  o v e r  t h e  e n t i r e  h e a t e d  
l e n g t h ,  and the '  number a p p e a r i n g  i n  t h e  " P u l s e  W i d t h "  co lumn 
i s  t h e  h e a t e d  l e n g t h ,  i n  i n d h e s ,  o f  a  s e c t i o n  o f  c y l i n d e r  c e n t e r e d  
a l o n g  t h e  c y l i n d e r  a x i s .  
F o r  some r u n s ,  t h e  peak s u r f a c e  h e a t  f l u x ,  qo,  was r e d u c e d  l i n e a r l y  
w i t h  t i m e ;  t h e  qo  l i m i t s  where  a p p l i c a b l e ,  a r e  d e s c r i b e d  i n  t h e  
" S u r f a c e  H e a t  F l u x "  co lumn.  I n  any  c a s e ,  when t h e  r u n  t ime, , i .e .  
"Rea l  T ime"  i n  t h e  "T ime D a t a "  b l o c k ,  exceeds  t h e  t i m e  shown i n  t h e  
"Hea t  T imen  co lumn,  t h e  h e a t  i s  r e d u c e d  t o  z e r o  a f t e r  t h e  " t i e a t  
Time' '  shown. . 
I n  t h e  "Number o f  Nodes" co lumn,  "300"  i n d i c a t e s  t h a t  e a c h  w z f e r  was 
c o n s i d e r e d  t o  c o n s i s t  o f  10  r i n g s ,  t h e  t e m p e r a t u r e s  o f  w h i c h  w2re 
computed as node t e m p e r a t u r e s  b y  t h e  p rog ram.  The number " 1 2 0 "  
i n d i c a t e s  each w a f e r  was c o n s i d e r e d  t o  c o n s i s t  o f  4 r i n g s .  
Under t h e  "Coo l  i n g  P a r a m e t e r s "  b l o c k ,  t h e  " S i n k  T e m p e r a t u r e "  and 
" S c r i p t  F "  d e f i n e  r a d i a t i o n  r a t e s  f rom t h e  r a d i a l  s u r f a c e  o f  t h e  
c r y s t a l  f o r  t h e  a x i a l  l e n g t h  o f  s u r f a c e  s p e c i f i e d  i n  t h e  " C o o l e d  
A rea"  co lumn.  T h e  ends; n o r m a l  t o  t h e  c y l i n d e r  a x i s ,  we re  con -  
s i d e r e d  i n s u l a t e d  f o r  a l l  r u n s .  
E x c e p t  f o r  R ~ n s  35,  72 ,  7 5 ,  8 0 ,  8 1 ,  and  8 2 ,  t h e  i n i t i a l  t e m p e r a t u r e ,  
u n i f o r m  t h r o u g h o u t  t h e  c r y s t a l ,  was o n e  d e g r e e  F a h r e n h e i t  b e l o w  
t h e  m e l t i n g  p o i n t .  T h i s  was done  t o  p r e v e n t  w a s t e d  c o m p ~ t e r  t i m e  
r a i s i n g  t h e  c r y s t a l . t o  t h e  m e l t i n g  p o i n t .  Runs 7 2 ,  7 5 ,  8 0 ,  8 1 ,  and  
82  w e r e  i n t e n d e d  t o  d e t e r m i n e  s t e a d y  s t a t e  c o n d ' t i o n s  a n d  e s t i m a t e s  
o f  t h e  f i n a l  t e m p e r a t u r e s  w e r e  u s e d  a s  i n i t i a l  t e m p e r a t ! . l r e s  f o r  t h e  
a n a l y s i s  t o  c o n s e r v e  m a c h i n e  t i m e ,  i . e . ,  i n i t i a l  t e m p e r a t u r e s  a b o v e  
t h e  m e l t i n g  p o i n t  w e r e  u s e d  i n  t h e  h e a t e d  r e o i o n ,  a n d  t e n i p e r a t u r e s  
somewhat  b e l o w  t h e  m e l t i n g  p o i n t  w e r e  u s e d  i n  t h e  c o o l e d  
r e g i o n .  
Run 35  was a c h e c k  o f  t h e  p r o g r a m  a g z i n s t  a n  a n a l y t i c a l  s o l u t i o n  f o r  
a c y l i n d e r ,  w i t h  u n i f o r m  c o n s t a n t  s b r f a c e  h e z t  f l u x ,  u s i n g  an  
i n i t i a l  u n i f o r n i  t e m p e r a t u r e  o f  z e r o ;  e x c e l l e n t  a g r e e m e n t  was 
o b t a i n e d .  
3 .1  C y l i n d r i c a l  Y e l t  Zones 
The i n i t i a l  p a r - t  of t h i s  s t u d y  c o n s i s t e d  o f  a n a l y z i n g  c j l l i n d r i c a l  
s p e c i m e n s  ( B E T A - C Y L  p r o g r a m j  on a  t r a n s i e n t  ba; is  u s i n g  a c o n s t a n t  
s t r e n g t h  h e a t  s o u r c e  m o v i n g  i n  t h e  a x i a l  d i r e c t i o n  w i t h  ends  
c o o l e d  b y  r a d i d t i o n  t o  a  70 °F  e n v i r o n m e n t  a s  shown b e l o w :  
Heat 
Rad ia t ion  Sc,urce 
, , L  1--- Cyl i nder Axi  s  
The s o u r c e  o f  t h e  i n c i d r n t  r a d i a n t  e n c r g y  was n o t  m o d e l e d  s i t i c e  
i t  was c o n s i d e r e d  t h a t  i t  c o i ~ l d  b e  b e s t  t r c c t e d  a f t e r  d e t e r m i n i n g  
t h e  b o u n d a r y  c o ~ d i t i o n s  r € q u i r e d  t o  p r o d u c e  f l a t  i n t e r f a c e s .  The 
f o l l o w i n g  p a r a m e t e r s  w e r e  v a r i e d  i n  t h e  t r a n s i e v t  a n a l y s e s :  h e a t e d  
l e n g t h ,  z o o l e d  l e n g t h ,  s p e c i m e n  d i a m e t e r ,  c o n s t ~ n t  s o u r c e  s t r e n g t h  
( m o v i n g  h e a t  s o u r c c s ) ,  a n d  t r a n s i e n t  s o u r c e  s t r e n g t h  ( m o v i n g  a n d  
f i x e d  h e a t  s o u r c c s ) .  I t  was d c t e r r i i i n c d  t h a t  a n  a d j a b c t i c  s e c t i o n  
b e t w e e n  t h e  h e a t e d  a n d  c o o l e d  s e c t i o n s  w o u l d  b e  b e n e f i c i a l  i n  p r o -  
d u c i n g  f l a t  i n t e r t a c e s .  A d d i t i o n a l  l y ,  i t  was f o u n d  t h a t  e x c e s s i v e  
m a c h i n e  t i m e  was r e q u i r e d  w i t h  a  t r a n s i e n t - t y p e  a n a l y s i s  d u e  t o  t h e  
r a t h e r  l o w  s o l i d i f i c a t i o n  r a t e  r e q u i r e d  f o r  g r o w t h  o f  h i g h - p e r f e c t i o n  
c r y s t a l s  ( s 1  c m / t l r ) .  A  p r e f e r a b l e  a n a l y t i c a l  t e c h n i q u e ,  i n  com- 
p a r i s o n  t o  t h e  t r a n s i e n t  a n a l y s i s ,  f o r  t r e a t i n g  t h e  c o n t i n u o u s  z o n e  
r e f i n e m e n t / g r ~ w t h  a1 o n g  a  r o d  was t o  c h t a i n  t h e  s t e a d y - s t a g e  s o l u t i o n s  
f o r  c o n f i g u r a t i o n s  w i t h  s t a t i o n a r y  b c u n d a r j  c o n d i t i o n s  w h i c h  g i v e  
f l a t  i n t e r f a c e s .  I f  a n  e x t r e m e l y  s l o w  f e e d  r a t e  o f  t h e  s p e c i m e n  i s  
t h e n  i n t r o d u c e d  a f t e r  s t e a d y  s t a t e  i s  a c h i e v e d ,  a  n e g l i g i b l e  
c h a n g e  i n  t h e  s h a p e  and  l o c a t i o n  o f  t h e  i n t e r f a c e s  w o u l d  o c c u r  w i t h  
r e s p e c t  t o  a  f i x e d  r e f e r e n c e  s y s t e m .  M a c h i n e  t i m e  r e q u i r e d  t o  
s o l v e  f o r  s t e a d y - s t a t e  c o n d i t i o n s  i s  n o m i n a l  p r o v ~ d e d  t h a t  r e a s o n a b l e  
e s t i m a t e s  o f  t h e  f i n a l  c o n d i t i ' o n s  a r e  p r o v i d e d  as  i n p u t s .  
F i g u r e  E d e s c r i b e s  t h e  c o n d i t i o n s  and r e s u l t s  f o r  Run 71 .  E x c e l  l e n t  
f l a t - i n t e r f a c e  s o l i d i f i c a t i o n  c o n d i t i o n s  w e r e  o b t a i n e d  and  a r e  shown 
i n  F i g u r e  7 .  The p h y s i c a l  s t a t e  o f  e a c h  r i n g  o f  e a c h  w a f e r  has  b e e n  
r e p r e s e n t e d  i n  t h e  c o m p u t e r  p r i n t o u t  b y  a n  " O " ,  " i " ,  o r  11 r 11 L . Each  
c o l u m n  o f  f i g u r e s  r e p r e s e n t s  a  w a f e r  o f  t h e  c r y s t a l  as d e f i n e d  i n  
T z b l e  :. The r a d i a l  w i d t h  o f  e a c h  w a f e r ,  a s  d e f i n e d  i n  t h e  p r o c r a m ,  
v a r i e s  s o  t h a t  t h e  v o l u n ~ e s  o f  e a c h  r i n g  a r e  equa !  r e g a r d l e s s  o f  t h e  
n o m i n a l  r i n g  r a d i i .  The  f i g u r e s  a r e ,  t h e r e f o r e ,  n o t  t o  s c a l e  i n  
t h e  r a d i a l  d i r e c t i o n .  S i n c e  a l l  w a f e r s  a r e  t h e  same t h i c k n e s s  
i n  t h e  a x i a l  d i r e c t i o n  ( f o r  t h e  r i g h t  c i r c u l a r  c y l i n d e r  c o n f i g u r a t i o n )  
t h e  p r i n t o u t s  a r c  t o  s c a l e  i n  t h e  a x i a l  d i r e c t i o n .  The a x i s  o f  t h e  
c y l i n d e r  i s  i n d i c a t e d  b y  a  c e n t e r l i n e  a t  e a c h  e n d  o f  t h e  c r y s t a l .  A 
"G" i n d i c a t e s  t h a t  t h e  s t a t e  o f  t h a t  n o d e  i s  s o l i d .  A " 1 "  i n d i c a t e s  
a  m o l t e n  s t a t e ,  a n d  " 2 "  i n d i c z t e s  a  p a r t i a l l y  m e l t e d  s t a t e  a t  t h e  
n i e l t i n g  t e m p e r a t u r e .  A c o l u m n  o f  z e r o s  a d j a c e n t  t o  a  c o l u m n  o f  t w o s  
o r  o n e s  i n d i c a t e s  a  f l a t  s o l i d i f i c a t i o n  i n t e r f a c e  w i t h i n  a  o n e - w a f e r -  
t h i c k n e s s  t o l e r a n c e .  T h e s e  p r i n t o u t s  w e r e  u s e d  a s  a  v i s u a l  t o o l  t o  
a l l o w  r a p i d  s c a n n i n g  o f  r u n  r e s u l t s  f o r  e a c h  c z s e .  Mo re  e x a c t  
d e f i n i t i o n  o f  i n t e r f i c e  s h a p e s  c a n  b e  d e t e r t r i n e d  b y  i n s p e c t i o n  
o f  n o d e  f r e e z i n g  f r a c t i o n  d a t a  i n  t h e  c o m p u t e r  r e s u l t  n u m e r i c a l  
o u t p u t .  
The d a t a  p r l n t e d  a t  t h e  l e f t  o f  each s t a t e  a r e :  
T i  me (. m i n u t e s  f r o m  s t a r t  o f  a n a l y s i s  
9 
G ~ I ( A x  maxiniurn a x i a l  t e m p e r a t u r e  g r a d i e n t ,  * F / l n c h  
6 - maximum r a d i a l  t e m p e r a t o r e  g r a d i e n t ,  ,OF/{ nch  
%AX 
T~~~ .. maxln~um tempera tu re ,  O F  
A  m e l t i n g  p o i n t  t e m p e r a t u r e  o f  2 5 7 3 O F  was assumed f o r  s i l i c o n .  
C o n d u c t i v i t y  and s p e c i f i c  h e a t  v a l u e s  employed as a  f u n c t i o t ~  o f  
t empe ra tu res  a r e  shown i n  supp lementa ry  Tab les  2 and 3. 
Run 71 was f o r  a 1 - i n c h  d i a m e t e r  c r y s t a l ,  7.5 i n c h e s  l o n p  w i t h  a  
s t a t i o n a r y  u n i f o r m l y  i r r a d i a t i n g  h e a t  sour, e  a p p l i e d  t o  t h e  c e n t r a l  
2 i n c h e s  o f  specimen, The sou rce  s t r e n g t h  decayed l i n e a r l y  f r o m  
2 20 B t u / m i n - i n  t o  0 i n  t h e  f i r s t  2 m i n u t e s  o f  r u n  t ime.  F o r  
a p p r o x i m a t e l y  7 m inu tes  a f t e r  t h e  hea t  source  was s h u t  o f f ,  t h e  
c e n t r a l  m o l t e n  zone s o l i d i f i e d  w i t h  v i r t u a l l y  f l a t '  i n t e r f a c e s .  
The s o l i d i f i c a t i o n  r a t e  was a p p r o x i m a t e l y  40 cm/hr, wh i ch  i s  h i g h e r  
t h a n  c u r r e n t  s t a t e  o f  t h e  a r t .  The s o l i d i f i c a t i o n  p r o c e s s ,  
however, c o u l d  be  i n c r e a s e d  t o  any d e s i r e d  d u r a t i o n  by r e d u c i n g  
t h e  c o o l i n g  r a t e  a t  t h e  c r y s t a l  ends,e.g., t h r o u g h  t h e  use o f  l o u v e r s  
o r  r a d i a t i o n  s k i e l d s .  The s i m u l a t e d  h i c h  s o l i d i f i c a t i o n  r a t e  was 
used he re  t o  conserve  machine t i m e .  A l o w e r  c o o l i n g  r a t e  wou ld  be 
accompanied by  l o w e r  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  c r y s t a l  compared 
t o  t h o s e  shown on F i g u r e s  6 and 7 .  
F i g u r e s  8 and 9 c o n t a i n  t h e  compu ta t i on  f o r  r u n s  7 5  and 82 
r e s p e c t i v e l y .  A s e c t i o n  t h rouq t i  one h a l f  o f  t h e  l e n g t h  o f  c r y s t a l  
i s  shown w i t h  each node d e f i n e d  by  a  r e c t a n g l e  ( t o  s c a l e ) ,  w i t h  
r e s u l t i n g  s teady  s t a t e  t empe ra tu res  g i v e n  a t  each node i n  degrees F. 
The m e l t  i n t e r f a c e  shape was ske tched  i n  based on f r e e z i n g  f r a c t l o n  
d a t a  f rom t h e  numer i ca l  o u t p u t  o f  t h e  program. 
A n e a r l y  converged s o l u t i o n  u s i n g  t h e  s t e a d y  s t a t e  a n a l y s i s  t e c h n i q u e  
was o b t a i n e d  w i t h  t h e  case ana lyzed  i n  Run 75;  t h e  c o r r e s p o n d i n g  
c o n d i t i o n s  and r e s u l t s  a r c  shown on F i g u r e  8. A1 though  t h e r e  w a s  
a  s l i g h t  d e v l a t i o n  f rom f l a t n e s s  a t  t h e  i n t e r f a c e ,  i t  i s  be1 i e v e d  
t h a t  t h i s  c o u l d  be e l i m i n a t e d  by a s l i g h t  r e d u c t i o n  i n  t h e  r a t e  o f  
s o u r c e  i r r a d i a t i o n  w h i c h  w o u l d  move t h e  i n t e r f a c e  i n t o  t h e  i n s u l a t e d  
( s h f e l d e d )  r e g i o n  where  t h e  t h e r m a l  f l u x  l i n e s  a r e  more n e a r i y  
s t r a i g h t .  
To bound t h e  e f f e c t s  o f  c o n v e c t i o n  i n  t h e  m o l t e n  zone, an " i n f i n i t e  
c o n v e c t i o n "  a n a l y s ' i s  was p e r f o r m e d  f o r  t h e  same c o n f i g u r a t i o n  as i n  
Run 75. T h i s  c o n d i t i o n  was i m p l e m e n t e d  b y  a s s i g n i n g  a c u p - m i x i n g  
t e m p e r a t u r e  t o  t h e  m e l t  a t  each  i t e r a t i o n  w h i c h  .IS t h e  e f f e c t  o f  
i n s t a n t a n e o u s l y  d i s t r i b u t i n g  t h r o u g h o u t  t h e  me1 t zone a 1  1  i n c i d e n t  
e n e r g y  a t  t h e  s u r f a c e .  The r e s u l t s  a r e  shown i n  Run 82, F i g u r e  9 .  
A v i r t u a l l y  f l a t  i n t e r f a c e  was o b t a i n e d  i n  a l m o s t  t h e  same p o s i t i o n  
a s  w i t h  no c o n v e c t i o n .  By c o m p a r i n g  f i g u r e s  8 and  9 i t  i s  seen 
t h a t  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  two s o l u t i o n s  e x c e p t  t h a t  
t h e  m e l t  t e m p e r a t u r e  w i t h  c o n v e c t i o n  i s  u n i f o r m  a t  a  v a l u e  somewhat 
l o w e r  t h a n  t h e  peak v a l u e  o b s e r v e d  w i t h  no  c o n v e c t i o n .  The d e g r e e  
o f  c o n v e r g e n c y  t o  a  s t e a d y  s t a t e  s o l u t i o n  c a n  b e  z s s e s s e d  b y  n o t i n g  
how c l o s e l y  t h e  t o t a l  c o o l i n g  r a t e  app roaches  t h e  c o n s t a n t  h e a t i n g  
r a t e .  F o r  Runs 75 and 8 2  t h e  e r r o r s  a r e  3% and 1 %  r e s p e c t i v e l y ,  w h i c h  
i s  s u f f i c i e n t  c o n v e r s e n c e  f o r  p r e l i m i n a r y  p u r p o s e s .  
A d d i t i o n a l  t r a n s i e n t  r e s u l t s ,  Runs 29, 36, 39, 40, 44, 49, 55, 56, 
60, 62 and 65, s i m i l a r  t o  t h o s e  p r e s e n t e d  f o r  Run 71 a r e  shown i n  
F i g u r e s  1 0  t h r o u g h  20. The s i g n i f i c a n t  r e s u l t s  f o r  e2ch  o f  t h e s e  
r u c s  a r e  shown i n  t h e  "Comments" c o l u m n  o f  T a b l e  1. 
C r y s t a l  spec imen  d i m e n s i o n s  and b o u n d a r y  c o n d i t i o n s  a r e ' s h o w n  on 
F i g u r e s  4 ,  2 1 ,  and 22 f o r  Runs 49, 55, 56, 60, and 62.  O f  p a r a t i -  
c u l a r  i n t e r e s t  a r e  t h e  h e a t  p u l s e  shapes and p o s i t i o n s  on t h e  s p e c i -  
men a s  a f u n c t i o n  o f  t i m e  w h i c h  c a n n o t  be  r e a d i l y  v i s u a l i z e d  f r o m  
T a b l e  1  d a t a .  
F o r  Runs 60, 62, and 65 maximum a x i a l  and r a d i a l  t e m p e r a t u r e  
g r a d i e n t s ,  maximum t e m p e r a t u r e ,  and peak s u r f a c e  h e a t  f l u x  a r e  
shown as  a f u n c t i o n  o f  t i v , e  on F i g u r e s  23,  2 4 ,  and 25 r e s p e c t i v e l y .  
The i r r e g u l a r i t i e s  i n  t h e  t e m p e r a t u r e  and g r a d i e n t  c u r v e s  a r e  due 
t o  ( 1 )  t h e  r e s u l t s  o f  a  lumped p c r a m e t e r  t h e r n a l  a n a l y s i s ,  e . g .  
a t  t h e  i n s t a n t  when a  node m e l t s  o r  s o l i d i f i e s ,  a  r e l a t i v e l y  
sudden a d j u s t m e n t  i n  a d j a c e n t  node t e m p e r a t u r e s  o c c u r s ,  and ( 2 )  
t h e  l o c a t i o n  o f  t h e  peak t e m p e r a t u r e  and g r a d i e r t s  moves a round  
i n  t h e  c r y s t a l ,  whereas, t h e  p l o t s  show o n l y  t h e  peak v a l u e s  
r e g a r d l e s s  o f  l o c a t i o n  i n  the c r y s t a l .  
3.2 Body o f  R e v o l u t i o n  Me1 t Zones 
The b o d y - o f - r e v o l u t i o n  program (BETA-BOP) has t h e  c a p a b i l i t y  t o  
a n a l y z e  c o s f f q ~ r a t i o n s  where t h e  spec imen has a  shape more con~p lex  
s 
, t h a n  a r i g h t  c i r c u l a r  c y l i n d e r .  P o s s i b l e  c o n f i g u r a t i o n s  o f  i n t e r e s t  
B a r e  shown on F i g u r e  26: ( a )  v e r t i c s l  c y l i n d e r  f l o a t  zone w i t h  g r a v i t y  
C 
I ( b )  f l o a t - z o n e  i n  Zero -6  w i t h  r o t a t i o n ,  and ( c )  c r y s t z l  g r o ~ t h  f r o m  
E d i f f e r e n t  s i z e d  f e e d  s tock .  An example o f  casc ( c )  was a n a l y z e d  
f o r  6 - i n c h  and 1 2 - i n c h  rods  m e e t i n g  i n  a  m o l t e n  zone w i t h  an zss i~med 
cu rved  s e c t i o n  t r a n s i t i o n ;  t h e  c o n f i g u r a t i o n  and boundary  c o n d i  t i o f i s  
a r e  shows on F i g u r e  27. E s t i m a t e s  o f  s t e a d y  s t a t e  c o n d i t i o n s  used 
f o r  Frogran: i n p u t  a r e  shown i n  F i g u r e  23. C o n d i t i o n s  a f t e r  2.35 
m inu tes  a r e  shown o n  F i g u r ~  29. Steady s t a t e  convergence i s  
approeched w i t h  a good f l ? t  s o l i d i f i c a t i o n  i n t e r f a c e  on t h e  1 2 - i n c h  
eod. The i n t e r f a c e  shares were ske tched  i n  on F i g u r e  29, based 
on m e l t  f r a c t i o n  d a t a  f rom t h e  p rcgram o u t p u t  f o r  t h e  r e s p e c t i v e  
i n t e r f a c e  nodes. 
F i g u r e  2 7  shows t h e  l o c a t i o n s  o f  t h e  nodes f o r  Run 80 as l i m i t e d  
by t h e  a b i l i t y  o f  t h e  node s i z e  t o  be r e s o l v c d  i n t o  c e l l s  on  t h e  
p r i n t o u t  page. The dzshes and a s t e r i s k s  a r e  used  i ; ;  a n  a l t e r n a t e  
f a s h i o n  f o r  each wafer  t o  d e f i n e  t h e  node b c u n d a r i e s  f o r  each wafe r .  
Each wa fe r  ha r  10 r i n q  shaped nodes, however on t h e  6 "  d ' i a ~ e t c r  
end, n o t  a l l  a r e  shown due t o  t h e  r e s o l u t i o n  l i m i t a t i o n  d e s c r i b e d  
above. The r a d i a l  i n t e r f a c e s  between t h e  n ~ d e s  i n  r e g i o n s  o f  body 
d i a n e t e r  change a r e  c o n s i d e r e d  by t h e  progran! t o  be c o f i i c a l  s u r f a c e s .  
The u n i f o r m  i r r a d i a t i o n  r a t e  shown f o r  t h e  h c a t e d  z rea  i s  based 
on a c t u a l  s u r f a c e  a rea ,  n o t  a  c o r r e c t  a r c z  based on some assumed 
r a y  d i r e c t i o n .  The shapc shown on t h e  p r i n t o u t  i s  a p p r o x i m a t e l y  
t o  sca le .  
F i g t i r e  28 shows t h e  i n i t i a l  c o n d i t i o c s  f o r  Run 20: an a s t e r i s k  
i n d i c a t e s  a  t c n i p c r a t u r e  abcve t h e  m e l t i n s  p o i n t ,  a  dash i n d i c a t e s  
a  t empe ra tu re  bclo\ .r  t h e  me1 t i n g  p o i n t .  The d i f f e r e n c e  between 
t h i s  f i g u r e  as con~par-ed t o  F i g u r e  7 i s  t h a t  t h e  symbols a t  each node 
co r respond  t o  t h e  node s t a t e  r a t h e r  t h a n  a l t e r ~ a t i n g  t o  d e f i n e  node 
bounda r i es .  F i n a l  c o ~ d i t i o n s  a r e  shown f o r  Run 80 on F i g u r e  29 
'3 
mlNAb PAGE IS 
w m o u r n  
. # .  
3 t 
\ - *  
l 
cond i t i ons .  Dashes and a s t e r i s k s  a re  as descr ibed f o r  Ff gure 28 
f 
! and an " X "  symbol denotes a node p a r t i a l l y  a e l t e d  a t  t h e  m e l t i n g  
temperature. H e l t  i n t e r f a c e  shapes shown a r e  based on f r e e z i n g  
.% i 
-:. 1 f r a c t i o n  data f o r '  the  me1 t i n g  nodes, Temperatures a t  se lec ted  
r i  p o i n t s  were shown f o r  reference.  Heat ing and c o o l i n g  r a t e s  were 
- i 
f shown as a  guide t o  t h e  d e v i a t i o n  from steady s ta te ,  i ,e. if a 
I t r u e  steady s t a t e  had been reached, hea t i ng  and coo l  i ng  r a t e s  
J !  would be equal -  Th is  c o n d i t i o n  cou ld  be achieved by a l l o w i n g  
- .  
t h e  r u n  t o  proceed i n  t ime, a t  a correspondina c o s t  i n  machine time. 
F igures 30, 31, and 32 show data  s i m i l a r  t o  t h a t  o f  F igures 27, 28, 
and 29 which app ly  t o  Run 72; n e i t h e r  steady s t a t e  cond i t i ons  nor  
f l a t  i n t e r f aces  were obtained. 
CONCLUSIONS 
4 Thermal m ~ t h  models o f  a  s i l i c o n  f l o a t  zone c r y s t a l  g rowth  process 
.t . 
r' were formulated.  T r a n s i e n t  tempera tures  and me1 t zones were 
4. 
determined f o r  a v a r i e t y  o f  s i m u l a t e d  e x t e r n a l  heat  f l u x  c o n d i t i o n s .  
' T  
...- 
> 
I t  was found t h a t  n e a r l y  f l a t  i n t e r f a c e  s o l i d i f i c a t i o n  c o n d i t i o n s  
c o u l d  be s i m u l a t e d  by v a r y i n g  t h e  a p p l i e d  h e a t  f l u x ,  as i n  cases 
- 6 5  and 71. A d d i t i o n a l l y ,  c o n v e c t i v e  a f f e c t s  were found t o  be 
n e g l i g i b l e  i n  r e d u c i n g  tempera ture  g r a d i e n t s .  

TEMP - ' 1 '  
-- ." 
SILICON THERtIAL C O ! I D U C T I V I T Y  
TABLE ? 
Thernal Conducti-gity Btu/min-in-OF 
,1348 
.1187 
.0955 
-0793 
,0611 
.04 97 
-04 08 
.0339 
,0287 
-0250 
.0223 
TEMP - O F  
0 
. SILICON S P E C I F I C  HEAT 
TABLE 3 
Speci f ic  Heat - B~u/LB-OF 
e157 
-184 
.197 
,203 
,208 
- 2 1 1  
,216 
-220 
-224 
.228 
-234 
-242  
-245  
.249 
.250 
.250 
' CENTER CORE + 9 RINGS FOR EACH WAFER - 3 0  WAFERS 
MASS OF EACH R ING OF EACH W.",FER I S  LUMPED TO FORM NODE (300 NODES) 
ENDS ARE Il iSULATED 
MOVING GAUSSIAN SURFACE HEAT FLUX D ISTRIBUT ION , , 
SURFACE COOLING TO SURROUNDINGS BY RADIATION 
F I G U R E :  1 MATHM3DEL 
15 
F I G U R E :  2 
16 
BETA PROGRAM - CRYSTAL MELT/FREEZE TRANS I ENT STUDY 
j 1 
3 
f 
DEFINE CRYSTAL PRCPERTIES 
SPECIFIC HEAT 
THERMAL CONDUCTIVITY 
DENSITY 
HEAT OF FUSION 
MELTING POINT 
i 
9 
; DEFINE CRYSTAL CONFIG, 
: LENGTH 
DIAMETER 
NODING 
- 
- 
DEFINE M3VING HEAT 
SOURCE PARAMETERS 
PEAK FLUX 
PULSE WIDTH 
STARTING POINT 
VELOCITY 
I N I T I A L I Z E  NODE TEMPERATURES 
* 
DEFINE THtRMAL 
CAPACITANCE (EACH NODE) 
& CONDUCTANCES 
BETWEEN NODES 
p 
- 
I I 
1 A 
INPUT PROBLEM DURATION 
AND OUTPUT INTERVAL 
1 .  
t 
# 
END 
- > 
SET TIME = 0 
1 
. L I f 
CALL QSFC (HEAT PULSE 
SUBROUTINE) 
- 
.r, 
t 
. 
9 
INCREMENT 
CALL SURFACE COOLING SUBROUTINE 
TIME I 
COM?UTE NET H t A T  FLUX 
INTO/OUT OF EACH NQDE AND 
CORRESPONDING TEMPERATURE 
INCREASE/DECREASE DURING 
SHORT TIME INTERVAL 
, i 
* . 
CALL PHAS (PHASE CHANGE SUBROUTIFIE) 
6 
I F  ANY PHASE CHANGE OCCURS, ADJUST . 
TEMPERATURES AS REQUIRED AND STORE 
DEGREE OF PHASE CHANGE I N  MELT/FREEZE 
ACCUMULATORS (EACH NODE) 
* 
OUTPUT . J ; I S  TEMPERATURE EACH NODE NO t MELT FRACTION-EACH NODE INCREMENT TIME - 
PHASE MAP -
tILAT PULSE SUBROUTINE (QSFC) 
Q(t,t ,V,A,B), B t u / m i n - I n  2 
. 
SURFACE 
PULSE WIDTH (1 l / A  NODES (TYP.)  
FLOW DIAGRAM 
I CALL QSFC (Qo,t,V,A,B,Qi) I 
COMPUTE HEAT . rj INPUT T o  NODE i Qi "DO* j z2 - ~ ( z - v t - ~ )  dz Z l  I 
r 
GO TO NEXT 
SURFACE NODE 
i 
RETURN TO 
BETA P R ~ G R A M  COOLING SUBROUTINE IS 'SIMILIAR 
4 , 
F I G U R E :  3 
17 
RU& 55 - CRYSTAL DIA = 1.5 INCH 
END INSULATED 
PEAK TEMP 
0 1 2 3 4 6 6 
OISTANCE FROM END OF CRYSTAL (INCHES) 
F ? ~ U ~ C  4 
RUN 49 & 55 - LOCAL SURFACE HEAT FLUX FROTILES 
- 1 --,.. .--a 1 .  I I 
PHASE CHANGE SUBROUT l N E  (PHAS) 
(UL mas (TO* m, tn, LCP, FIE, nc, Tim) 
I 
4 
I F  FAC LCP I F  W C  LC? 
C O ~ E  TU (* Tm) C W r U l E  711 t *  Tm) 
SLT t a t  o SET ac o 
i 
1 
J 
TREEZING OCCURS, SET T I  Tn 
STORE DLGDLL OF TREEZING IN FAC 
M L T I I G  OtCliR:, SET TN lo 
sra?t otwrt or ~ ~ L T I N G  1u IUC 
R f L l l h G  m001. ALL f A C  0 
0 1 2 3 4 6 6 7 
T iME (MINUTES) 
FIGURE 6 
RUN 71 - TEMPERATURE GRADIENT & H U T  FLUX PROFILES 
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FIGUfiE:28. Run80 - MELT ZONE - TIME I 0 
CONDITION AT TILiE a 2.852 MIN 
HEATING RATE = 651 8TU:MIN . 
COOLING RATE 594 BTU/MIN 
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F IGURE:  2 9 .  Run80 - MELT ZONE - TIME 1 2.852 MIN. 
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figure 30. Run 72 - MELT ZONE NODE MAP 
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Figuure31. MELT ZONE TIME 0 RUN 72 
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